24 DiSulfide Bond (DSB) oxidative folding enzymes are master regulators of virulence 25 localized to the periplasm of many Gram-negative bacteria. The archetypal DSB 26 machinery from Escherichia coli K12 has a dithiol oxidizing redox relay pair 27 (DsbA/B), a disulfide isomerizing redox relay pair (DsbC/D) and specialist reducing 28 enzymes DsbE and DsbG that also interact with DsbD. By contrast the Gram-negative 29 bacterium Wolbachia pipientis encodes just three DSB enzymes. Two of these α -30 DsbA1 and α -DsbB form a redox relay pair analogous to E. coli DsbA/B. The third 31 enzyme α -DsbA2 incorporates a DsbA-like sequence but does not interact with α -32 DsbB. In comparison with other DsbA enzymes, α -DsbA2 has ~50 extra N-terminal 33 residues. The crystal structure of α -DsbA2ΔN, the N-terminally truncated form in 34 which these residues are removed confirms the DsbA-like nature of this domain. 35 However, α -DsbA2 does not have DsbA-like activity: it is structurally and 36 functionally different as a consequence of its N-terminal residues. First, α -DsbA2 is a 37 powerful disulfide isomerase and a poor dithiol oxidase -ie its role is to shuffle rather 38 than introduce disulfide bonds. Moreover, small-angle X-ray scattering of α -DsbA2 39 reveals a homotrimeric arrangement. Our results allow us to draw conclusions about 40 the factors required for functionally equivalent enzymatic activity across structurally 41 diverse protein architectures. 42 43
However, α -DsbA2 does not have DsbA-like activity: it is structurally and 36 functionally different as a consequence of its N-terminal residues. First, α -DsbA2 is a 37 powerful disulfide isomerase and a poor dithiol oxidase -ie its role is to shuffle rather 38 than introduce disulfide bonds. Moreover, small-angle X-ray scattering of α -DsbA2 39 reveals a homotrimeric arrangement. Our results allow us to draw conclusions about 40 Introduction its active reduced state (McCarthy et al., 2000) . E. coli K12 also encodes two specialist reducing enzymes EcDsbG and EcDsbE (Depuydt et al., 2009 ) that interact 70 with EcDsbD . The N-terminal region of EcDsbC forms a dimerization domain essential for disulfide 95 isomerase activity. Two other DsbA-like proteins with N-terminal extensions are 96 disulfide isomerases and thought to be dimeric (Legionella DsbA2 (Kpadeh et al., 97 2015) , Caulobacter ScsC (Cho et al., 2012) ). In addition, P. mirabilis ScsC is DsbA-98 like with an N-terminal extension, and has disulfide isomerase activity. However its 99 N-terminal residues interact to form a homotrimer (Furlong et al., 2017) . In each of 100 these cases, the N-terminal regions are essential for oligomerisation and protein 101 disulfide isomerase activity. We hypothesised that the N-terminal region of 102 However, the predicted secondary structure of the α -DsbA2 N-terminal region has no 124 structural relationship with the equivalent region of EcDsbC ( Figure 1A) . 125 electrons from its substrate, and thereby become reduced. We determined the standard 141 redox potentials of FL α -DsbA2 and α -DsbA2ΔN relative to the redox potential of 142 glutathione (-240 mV) (Figure 2A ). From these data, the K eq for FL α -DsbA2 was 143 calculated to be 2.16 ± 0.15 × 10 -4 M corresponding to a redox potential of -131 mV 144 at pH 7.0. The calculated K eq for α -DsbA2ΔN was a little more oxidizing, 8.71 ± 0.12 145 × 10 -5 corresponding to a redox potential of -122 mV. By comparison, the redox 146 potential for Wolbachia α -DsbA1 is more reducing, E 0 = -163 mV (Kurz et al., 2009 We were unable to generate crystals of the full-length mature α -DsbA2. However, 182 crystals of truncated α -DsbA2ΔN did grow and the crystal structure was solved by 183 molecular replacement to a resolution of 2.25 Å (Table 1, Figure 3A) . Although we were unable to crystallise the full-length protein, we were able to obtain 209 low-resolution structural information using small-angle X-ray scattering (SAXS) data 210 from both FL α -DsbA2 and α -DsbA2ΔN (Table 2) . Guinier plots (Figure 4A , inset) 211 reveal a linear trend, consistent with both samples being monodisperse. 212 (EcDsbC, CcScsC, LpDsbA2) or trimeric (PmScsC). We were therefore interested to 215 determine the molecular mass of the full-length protein and identify whether it is 216 dimeric or trimeric. Using SAXS data, the molecular mass of truncated α -DsbA2ΔN 217 estimated to be ~23 kDa from I(0) (Orthaber et al., 2000) the three protomers tightly arranged into a compact shape (Figure 5A, B) , whereas 254
The wMel strain of W. pipientis encodes two DsbA-like proteins. One of these, α -257
DsbA1 has been shown previously to be functionally similar to EcDsbA -it catalyses 258 disulfide formation and forms a redox pair with a membrane protein partner α -DsbB His predominate in the Cys+2 position. However, this catalytic motif sequence 314 overlaps with that of monomeric dithiol oxidase DsbAs (eg EcDsbA CPHC). The 315 second motif that is highly conserved in TRX-like proteins is the cis-Pro motif. 316 Surprisingly, in all five of these disulfide isomerase enzymes the sequence motif is 317 the same GTcP. Monomeric DsbA-like oxidases tend to have more variation, with the 318 Gly being highly variable and the Thr often replaced with Val. The most telling 319 sequence feature that discriminates between oxidase and isomerase activity seems to 320 be the addition of 50 or more residues at the N-terminus of the TRX fold that can 321 form an oligomerisation domain. 322
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Crystallization and X-ray (UQ ROCX) Diffraction Facility for access to 328 DsbA2ΔN, serial dilutions of a ~5 mg/mL stock were loaded into a 96-well plate, 463 while FL α -DsbA2 was measured using an in-line SEC-SAXS set-up (see Table 2 ). 464
The estimated molecular mass was calculated using contrast and partial specific 465 volumes determined from the protein sequences (Whitten et al., 2008) . Data 466 processing and Guinier analysis was performed using Primus (v 3.2) (Konarev et al., 467 2003) . The pair-distance distribution function (p(r)) was generated from the 468 experimental data using GNOM (v 4.6) (Svergun, 1992) , from which I(0), R g and generate 16 dummy-atom models for each protein, (assuming C 1 symmetry for α -471
DsbA2ΔN, and C 3 symmetry for α -DsbA2ΔN), which were averaged using the 472 program DAMAVER (v 2.8.0) (Volkov & Svergun, 2003) , and the resolution of the 473 averaged structures were estimated using SASRES (Tuukkanen et al., 2016) . All 16 474 dummy-atom models were used in the averaging procedure for α -DsbA2ΔN, but only 475 9 (oblate) of the 16 dummy-atom models were averaged for FL α -DsbA2. Rigid-476 body modelling was carried out using the program CORAL (v 1.1) (Petoukhov et al., 477 2012) . For α -DsbA2ΔN, residues D71 -L250 were taken from the crystal structure 478 and treated as a rigid unit, while 5 additional residues were included at the N-and C-479 termini and treated as flexible linkers. For FL α -DsbA2, C 3 symmetry was assumed 480 and L17 -R27 (a model helical segment), D34 -E57 (a model helical segment) and 481 A65 -L250 (from the α -DsbA2ΔN crystal structure) were taken as rigid subunits, 482 while 5 additional residues were added at the N-and C-termini plus the intervening 483 regions between rigid segments and treated as flexible linkers. As oligomerisation 484 occurs through the N-terminal region, and the model helices were amphipathic, L17, 485 I20, W23, I36, L40, I44, F48, V52 and L55 were restrained to be less than 15 Å from 486 the same residue in a symmetry related chain. 487 
